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Regulation of microglial inflammatory response by sodium
butyrate and short-chain fatty acids
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1 Recent studies have shown that sodium butyrate and other short-chain fatty acids (SCFAs) can
prevent inflammation in colon diseases. Our aim was to elucidate whether sodium butyrate and
SCFAs regulate the inflammatory responses in different neural inflammation models in cell cultures.
2 Inflammatory responses to LPS-induced microglial activation were recorded by the secretion of
nitric oxide (NO) and cytokines IL-6 and TNF-« and related to the changes in the DNA-binding
activities of NF-xB complex.

3 We observed that sodium butyrate is strongly anti-inflammatory against LPS-induced responses in
rat primary microglia as well as in hippocampal slice cultures and in neural cocultures of microglial
cells, astrocytes and cerebellar granule neurons.

4 In murine N9 microglial cell line, instead, sodium butyrate and other SCFAs (propionate, valerate
and caproate) enhanced the LPS-induced inflammatory response.

5 The pretreatment with butyrate before LPS exposure induced an equal or more enhanced response
than simultaneous exposure with butyrate and LPS. This indicates that butyrate induces an adaptative
response against microglial activation.

6 We also observed that butyrate treatment both in transformed N9 cells and in hippocampal slice
cultures downregulates the NF-xB-binding capacity induced by LPS stimulation.

7 Our results show that butyrate is anti-inflammatory in primary, brain-derived microglial cells, as
observed recently in colon diseases, but proinflammatory in transformed, proliferating N9 microglial
cells, which may be related to the anticancer properties of butyrate observed in tumor cells.
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Introduction

Inflammation and innate immune reactions are involved in the
pathology of several neurodegenerative diseases, stroke and
traumatic brain injuries (McGeer & McGeer, 1995; Morganti-
Kossmann et al., 2002; Wyss-Coray & Mucke, 2002).
Activation of microglial cells is a defence reaction of brain
against a variety of external and internal insults and hence
should be beneficial but as an excessive response may be
destructive to neurons. Anti-inflammatory compounds have
been studied as a therapy for Alzheimer’s disease and other
degenerative diseases and injuries of brain (McGeer &
McGeer, 1995). The microglial activation process itself as well
as the factors that stimulate and inhibit the inflammatory
response have been intensively studied and reviewed in detail
(Nakamura, 2002).

Recently, short-chain fatty acids (SCFAs) and notably
butyrate have received a lot of attention as maintaining bowel
homeostasis since they prevent inflammation and induce
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antiproliferative and apoptotic effects in colon cancer cells
(Wachtershauser & Stein, 2000; Yin et al., 2001; Hinnebusch
et al., 2002). The anti-inflammatory effect of butyrate is
probably mediated by the suppression of NF-xB activation, a
well-known inflammatory mediator (Yin et al., 2001). The
antiproliferative and apoptotic effects of butyrate and other
SCFAs may be linked to histone hyperacetylation (Hinne-
busch et al., 2002; Davie, 2003). SCFAs, especially butyrate,
nonspecifically inhibit class I and II histone deacetylases and
induce histone acetylation (Chen et al., 2003).

Our aim was to elucidate whether sodium butyrate and
other SCFAs regulate the inflammatory responses also in
different neural inflammation models, as observed in colon
diseases (Wachtershauser & Stein, 2000). Interestingly, we
observed that sodium butyrate is strongly anti-inflammatory
against LPS-induced responses in rat primary microglia as well
as in hippocampal slice cultures and in neural cocultures with
microglial cells, astrocytes and cerebellar granule neurons.
Instead, butyrate and other SCFAs enhanced the LPS-induced
inflammatory response in transformed murine N9 microglial
cell line. Our results show that the effects of butyrate and
SCFAs are different in transformed cells and primary cells in
neural inflammatory models.
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Methods
Reagents

Sodium butyrate and SCFAs were purchased from Sigma.
Lipopolysaccharide used in all experiments was from Escherichia
coli 055:B5 lyophilized powder (L 6529 from Sigma, St Louis,
U.S.A).

Murine N9 microglia

Murine N9 microglial cell line was kindly provided by
Dr Paola Ricciardi-Castagnoli (University of Milano-Bicocca,
Milan, Italy). N9 cells were cultured in Iscove’s modified
Dulbecco’s medium (Gibco) with 5% heat-inactivated FBS
(Gibco) on Nunc (Nalgene) dishes and clusters. N9 microglial
cells were plated at a density of 4 x 10* cellscm ™2 for 24 h to
start the experiment.

Rat primary astrocytes, microglia and cerebellar granule
cells

Primary astrocytes were isolated from 1- to 2-day-old Wistar
rat as described earlier (Kerokoski et al., 2001). The cerebral
cortices and midbrain were excised and the tissue without
meninges and blood vessels was minced into small pieces. Cells
were separated by trypsinization (0.025% trypsin, 15min,
37°C). After centrifugation and trituration, the tissue was
filtered through 230 um strainer. The cells were cultured in
tissue culture flask in DMEM media (Sigma) supplemented
with 10% heat-inactivated FBS, 2mM glutamine (Gibco,
Carlsbad, U.S.A.), 100Uml™" penicillin and 100 ugml™
streptomycin (Gibco, Carlsbad, U.S.A.). Flasks for pure
astrocyte cultures were shaken vigorously before each medium
change, which was done first after 2 days and then after every 4
days. The astrocytes were detached by trypsinization after 2
weeks and used for cocultures.

Primary microglial cells were isolated in the same way as
astrocytes and they matured on the top of astrocytes. The
culture flasks were not shaken until 2 weeks after the isolation,
when the floating microglia were harvested from confluent
astroglial layers by rotating the flasks on an orbital shaker for
a few hours. Microglia were harvested from the same flasks 4—
5 times every seventh day. After 1-2h of plating, the medium
was changed to remove nonadherent cells. Cells were used for
coculture or pure microglia culture. Experiments were initiated
24 h after plating. The purity of the microglial cultures (over
95%) was confirmed using antisera to CD11b (OX-42, Serotec,
Oxford, U.K.).

Cerebellar granule cells were isolated from the cerebella of
7-day-old Wistar rats and cultured as described by Schousboe
et al. (1989). After prepairing the cerebella out of brains, the
cells were separated by trypsin treatment (0.025% trypsin,
15min, 37°C) followed by centrifugation and trituration. The
cells were plated onto poly-D-lysine-coated (Sigma) plates
(2.5 x 10° cellscm™) in the DMEM media supplemented with
10% heat-inactivated FBS, 2mM glutamine, 100 Uml™
penicillin and 100 ug ml~" streptomycin and 25 mM KCI. After
2 days in culture, the medium was supplemented with 10 umM
1--D-cytosine-arabinofuranoside (Ara-C, Sigma).

Cells for cocultures were plated onto 24-well plates. At 4
days after isolation of the cerebellar cells, the astrocytes

(3% 10* cellscm™2) were added to wells in DMEM media
supplemented with 10% heat-inactivated dialyzed FBS
(Sigma), 2mM glutamine, 100Uml™" penicillin and
100 ugml~" streptomycin and 25mM KCIl without Ara-C.
Microglia (5 x 10* cellscm™2) were added 3 days after
astrocytes and the experiments were initiated after 24h of
adding microglia.

Hippocampal slice cultures

Organotypic slice cultures from hippocampus were prepared
using the modified interface culture method described earlier in
detail (Stoppini et al., 1991). Postnatal day 7 (P7) Wistar rat
pups were decapitated, the brains rapidly dissected and placed
in a Petri dish in ice-cold PBS (Gibco). The hippocampi of
both sides were isolated and cut into 400 um transversal slices
using a Mcllwain tissue chopper. The slices were then carefully
separated and transferred onto porous membrane inserts (one
slice per insert) of 12-well culture plates (Transwell, Costar).
Culture medium (500 ul), consisting of Neurobasal medium
(Gibco) with B27-supplement (Gibco), 1mM glutamine,
100 U ml~! penicillin and 100 ugml~' streptomycin, was added
to the lower compartment of each well. For the first culture
day, 10% of inactivated FBS was added to the culture
medium, and fresh medium without B27-supplement was
changed before exposing the cultures to the treatment for 24 h
after 4 days in vitro.

EMSA assays

EMSA assays were performed as described earlier in detail
(Helenius et al., 2001). Nuclear proteins were isolated
according to the modified protocol of Dignam et al. (1983).
Double-stranded consensus and mutated oligonucleotides for
NF-kB-binding sites were from Santa Cruz Biotechnology.
Probes were labelled with T4 polynucleotide kinase (Promega).
Unspecific binding was blocked by 2 ug of poly(dI-dC): poly
(dI-dC) (Roche Applied Science) in an assay volume of 20 ul
(Helenius et al., 2001). The binding assays were performed as
described earlier (Helenius et al., 1996). Bound and free probes
were separated in a native 4% polyacrylamide gel. Radioactive
bands were visualized with Storm 860 Phosphorlmager
(Molecular Dynamics) and pixel volumes of specific bands
were calculated with ImageQuaNT 4.2a software (Molecular
Dynamics).

ELISA, LDH and NO assays

The nitrite concentration in the medium was measured by the
Griess reaction, that is into a 100 ul of sample an equal amount
of the Griess reagent (1:1 of 0.1% naphthylethylene diamide
in H,O and 1% sulfanilamide in 5% concentrated H,PO,) was
added and the OD was measured at 550 nm using an ELISA
microplate reader after 10 min incubation. LDH leakage to the
medium was measured with the cytotoxicity kit obtained from
Promega. The amount of IL-6 and TNF-o was measured using
OptETA™ kits or sets obtained from Pharmingen.

Exposure of cells to butyrate and other SCFAs

Inflammatory models were optimized before the experiments
with respect to LPS, sodium butyrate and SCFA
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concentrations as well as the timing of inflammatory
responses. Experiments were performed either using pretreat-
ment with butyrate followed by washing and then LPS
exposure or with the simultaneous exposure with LPS and
SCFAs. Primary microglial cells or cocultures were exposed
with Sugml™ of LPS and N9 cells and hippocampal slices
with 10 ugml~'. Exposure times were normally 22-24 or 12h
in NF-kB-binding assay in Figure 4.

Statistical analysis

All values were expressed as means+s.d. The difference
between control and treated groups was analyzed using
Mann—-Whitney U-test.

Results

Butyrate and other SCFAs potentiate LPS-induced
inflammatory response in transformed N9 microglial cells

N9 cells are transformed microglial cell line used frequently in
inflammation studies after their establishment (Ferrari et al.,
1996). LPS treatment induced an inflammatory response in
these cells as assayed by the secretion of IL-6 and NO
(Figure 1). Sodium butyrate concentration of 0.6 mM but not
that of 0.2mM potentiated the LPS-induced secretion of both
IL-6 and NO (Figure 1). Furthermore, our results show that
the potentiation was very similar whether cells were pretreated
for 17h with butyrate, which was washed out before LPS
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Figure 1 Potentiation of LPS-induced inflammatory response in
N9 microglial cells by sodium butyrate. LPS-induced IL-6 and NO
secretion was studied in butyrate pretreated cultures (17 h pretreat-
ment) (a) or in cultures where both butyrate and LPS were
simultaneously present (b). LPS concentration was 10ugml™".
Values are means+s.d. (n=4-8 in each group). Statistical sig-
nificance of the butyrate-induced potentiation (compared to LPS-
treated group after 22 h treatment): *P<0.01, **P<0.001.

exposure for 22h (Figure 1a), or whether cells were exposed
simultaneously to butyrate and LPS treatment for 22h
(Figure 1b).

Figure 2 shows that sodium butyrate enhanced both the
LPS-induced IL-6 secretion (Figure 2a) and the expression of
IL-6 protein in N9 cells (Figure 2b). We also verified that the
potentiation was connected to the enhanced expression of IL-6
and iINOS mRNA. Northern blot assay showed that butyrate
enhanced the expression of IL-6 and iNOS mRNA in LPS-
stimulated NO cells (data not shown). Figure 2 shows that the
butyrate-induced potentiation of LPS response reached the
highest level for 22 h incubation when the LPS concentrations
was 1 ugml™' in the case of secretion and of 5ugml~' in the
case of cellular expression. Furthermore, Figure 2c shows that
LPS was not toxic to N9 cells up to the concentration of
20 ugml~" as measured by LDH release. Sodium butyrate was
neither toxic to N9 cells at the concentrations used in this
study (Figure 2d). Toxicity assayed by LDH release appears at
the 2mM butyrate level. Interestingly, LPS-induced activation
of N9 cells reduced the LDH release at all butyrate
concentrations studied (Figure 2d).

SCFAs, that is propionic, butyric, valeric and caproic acids,
have similar effects in protein acetylation (Benjamin & Jost,
2001). Next, we studied whether other SCFAs show the similar
response as butyrate in N9 inflammation model. Figure 3
shows that propionate, valerate and caproate induced a similar
potentiation as butyrate in the LPS-stimulated secretion of IL-
6. Propionate and caproate potentiated also the secretion of
NO (Figure 3). Interestingly, valproate (alpha-propyl-valeric
acid), an inhibitor of histone deacetylase (Jeong et al., 2003)
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Figure 2 Effect of LPS concentration on butyrate-induced poten-
tiation of inflammatory response both in IL-6 secretion (Figure 2a)
and in IL-6 protein expression in N9 cells (Figure 2b). (c,d) LDH
release from N9 cells induced by LPS and sodium butyrate
treatments. LPS and butyrate were simultaneously added and
incubation was for 22h. LPS concentration was 10 ugml™' in (d).
Values are means+s.d. (n=4-6 in each group). Statistical sig-
nificance of the butyrate-induced potentiation (compared to LPS-
treated group after 22 h treatment): *P<0.01.
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Figure 3 Potentiation of LPS-induced inflammatory response in
N9 microglial cells by SCFAs. LPS and SCFAs were added at the
same time. LPS concentration was 10 ugml~'. SCFA concentrations
were for butyrate | mM, propionate and caproate 3mM and valerate
and valproate 2mM. LDH release is shown in each group (on
bottom). Values are means +s.d. (n =4-15 in each group). Statistical
significance of the SCFA-induced potentiation (compared to LPS-
treated group after 24 h treatment): **P<0.001. Statistical signifi-
cance between SCFA-treated and SCFA and LPS-treated groups:
**P<0.001.

and antiepileptic drug with mood-stabilizing properties (Har-
wood & Agam, 2003) enhanced the LPS-stimulated secretion
of IL-6 but not that of NO (Figure 3). SCFAs did not increase
LDH release but the cotreatment of cells with LPS and SCFAs
reduced the LDH release from N9 cells (Figure 3).

Studies on colonocytes (Yin et al., 2001) and cancer cells
(Luhrs et al., 2001) have shown that butyrate inhibits the
activation of NF-«B signaling and the DNA binding of NF-xB
complex. We also studied whether butyrate affects the NF-xB
activation in transformed N9 microglial cells. Figure 4 shows
that both the pretreatment with butyrate followed by LPS
treatment without butyrate or the simultaneous exposure with
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Figure 4 Butyrate treatment reduced DNA-binding activity of NF-
kB complex in LPS-stimulated N9 microglia. Left panel shows
specific DNA-binding activity of NF-«B complex in butyrate
pretreated (upper part) and in simultaneously treated cells with
butyrate and LPS (12h) (lower part). Right panel shows the pixel
values ( x 10° pixels) of Storm PhosphorImager of the specific NF-
kB band (upper band). Values are means +s.d. (n =4 for each group,
*P<0.05 between LPS-only treated and butyrate and LPS-treated
groups). Drug concentrations: 0.6mMm for butyrate and 10 ugml™"
for LPS.

butyrate and LPS for 12 h inhibited the DNA-binding activity
of NF-kB complex in N9 microglial cells. Interestingly, the
pretreatment of cells with butyrate itself reduced the DNA-
binding activity of NF-xB (Figure 4).

Butyrate induces protection against LPS-induced
inflammatory response in primary microglia, neural
cocultures and hippocampal slice cultures

Sodium butyrate is known to prevent the excess inflammation
in bowel diseases (Segain et al., 2000; Wachtershauser & Stein,
2000). Next, we studied whether butyrate could induce anti-
inflammatory response in our neural inflammation models,
which use rat primary untransformed microglial cells in
contrast to transformed N9 cells. Interestingly, in rat primary
microglial cells, butyrate induced a significant protection
against LPS-induced inflammatory response in cells pretreated
with butyrate (Figure 5a). However, the simultaneous treat-
ment with butyrate and LPS reduced only the secretion of IL-6
but not that of TNF-o or NO (Figure 5b). This result strongly
implies that butyrate pretreatment induces adaptive changes in
the microglial activation system. Furthermore, our results
show that butyrate responses are opposite in transformed and
nontransformed microglial cells.

Next, we verified the difference in LPS-induced responses
between transformed N9 microglial cells and normal brain
tissue-derived microglial cells using both cerebellar cocultures
with microglia, astrocytes and neurons and hippocampal slice
cultures. Figure 6 shows that pretreatment with butyrate
induces a significant anti-inflammatory response in cocultures
with cerebellar granule neurons, microglia and astrocytes.
LPS-induced secretion of cytokines and NO most likely
originates in microglial cells because in the same culture
conditions, LPS induces only minimal secretion of IL-6, TNF-«
or NO from astrocytic cultures (data not shown). The

British Journal of Pharmacology vol 141 (5)
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Figure 5 Sodium butyrate induced protection against LPS-stimu-
lated inflammatory response in rat primary microglia. LPS-induced
IL-6, TNF-o and NO secretion were studied (a) in butyrate-
pretreated (for 22 h) cultures or (b) in cultures where butyrate and
LPS were present simultaneously (for 24 h). LPS concentration was
5ugml~'. Values are means+s.d. (n=6 in each group). Statistical
significance of the butyrate-induced changes (compared to LPS-
treated group after 24 h treatment): *P<0.01.
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Figure 6 Sodium butyrate induced protection against LPS-induced
inflammatory response in butyrate pretreated (19 h) cocultures of rat
cerebellar granule neurons, astrocytes and microglial cells. LPS
treatment was for 24 h with concentration of 5ugml~'. Values are
means+s.d. (n=6 in each group). Statistical significance of the
butyrate-induced changes (compared to LPS-treated group):
*P<0.01.

simultaneous exposure of cocultures to butyrate and LPS
induced a similar reduction in the secretion of NO, IL-6 and
TNF-o as the pretreatment (data not shown).

Figure 7 shows that butyrate induced a concentration-
dependent anti-inflammatory response in hippocampal slice
cultures exposed for 24h either simultaneously with LPS
(Figure 7a) or in pretreatment (data not shown). Butyrate is
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Figure 7 Effects of butyrate, propionate and caproate on LPS-
stimulated inflammatory response in hippocampal slice cultures. (a)
Butyrate-treated slices, (b) propionate and caproate-treated samples.
LPS and SCFAs were added at the same time and exposed for 24 h.
LPS concentration was 10 ugml™" and those of propionate and
caproate 3mM. Values are means+s.d. (n=6 in each group).
Statistical significance of the butyrate-induced changes (compared
to LPS-treated group): *P<0.01.

probably toxic to hippocampal neurons because it increases
LDH release, although values are low (Figure 7a). Butyrate is
not toxic for primary microglia at the concentration level of
SmM (data not shown). Figure 7b shows that propionate and
caproate did not produce protection against LPS-induced
inflammatory response in hippocampal slices. LDH release
was also unaffected. It seems that in hippocampal slices, there
are differences between effects of different SCFAs in contrast
to transformed N9 cells (Figure 3). Butyrate seems to be more
potent than other SCFAs in hippocampal slices.

Next, we studied whether butyrate affects the DNA-binding
efficiency of NF-xB transcription factor. Figure 8 shows that
the higher concentration of butyrate considerably reduced the
binding efficiency of NF-«B factor. Downregulation of NF-xB
signaling seems to be the general response to butyrate
treatment both in transformed N9 cells (Figure 4) and in
hippocampal slice culture samples (Figure 8).

Discussion

Recent studies have shown that sodium butyrate has both anti-
inflammatory and cancer chemopreventive properties in colon
(Wachtershauser & Stein, 2000; Yin et al., 2001; Hinnebusch
et al., 2002). Butyric acid is a SCFA produced in intestine by
microbial metabolism, but SCFAs are also transported
through blood-brain barrier into brain and used for energy
production by short-chain L-3-hydroxyacyl-CoA dehydrogen-
ase (He et al., 1999). Interestingly, this enzyme is known also
as ERAB, an endoplasmic reticulum amyloid beta-peptide-
binding protein, and as a multifunctional protein can also
oxidize 17f-estradiol (He et al., 1999). The anticancer and

British Journal of Pharmacology vol 141 (5)
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Figure 8 Effects of butyrate treatment on DNA-binding activity of
NF-kB complex in LPS-stimulated cultured hippocampal slices.
Upper panel shows specific DNA-binding activities of NF-xB
complex in LPS (10 ugml™') and butyrate-treated hippocampal
slices after 24h treatment. Three slices were combined together
(from the experiment shown in Figure 7a). Lower panel shows the
pixel values ( x 10° pixels) of Storm PhosphorImager of the specific
NF-kB band. Two lanes were shown for each treatment. Samples
marked with LPS and butyrate were cotreated samples. Values are
means+s.d. (n=2 for each group).

antiproliferative properties of butyrate in intestine are not
related to energy metabolism but probably to the modulation
of gene expression (Mariadason et al., 2000) via the inhibition
of histone deacetylases (Chen et al., 2003; Davie, 2003) and
NF-«B signaling (Chakravortty et al., 2000; Segain et al., 2000;
Luhrs et al., 2001; Yin et al., 2001).

All our results showed that pretreatment with butyrate
before LPS exposure induced an equal or more enhanced
response than simultaneous exposure with LPS. This suggests
that butyrate affects gene expression also in microglial cells, as
observed, for instance, in colonocytes (Mariadason et al., 2000;
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induced a proinflammatory response in transformed N9
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should lead to anti-inflammatory response, as we observed in
primary hippocampal slices, but how suppression of NF-xB
signaling might induce a potentiation of inflammatory
response. This is probably related to the ability of butyrate
and other SCFAs to induce protein hyperacetylation by
inhibiting histone deacetylases (Chen et al., 2003; Davie,
2003). We have recently observed that trichostatin A, a specific
inhibitor of class I and II histone deacetylases, induce a strong
potentiation of LPS-induced secretion of IL-6 and NO in N9
cells (Suuronen et al., 2003). The butyrate-induced response
observed in this study is much less than that induced by
trichostatin A, probably due to the lower level of protein
acetylation. Butyrate and other SCFAs are promising antic-
ancer therapeutics (Chen et al., 2003) as well as other histone
deacetylase inhibitors (Johnstone, 2002). There may be several
mechanisms but one is probably the inhibition of NF-kB since
NF-xB signaling regulates several antiapoptotic genes (Wang
et al., 1998).
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